ABSTRACT
S
pinal cord involvement is common in MS, particularly in the cervical cord. [1] [2] [3] The detection of cord abnormality is diagnostically useful because silent cord lesions are rare in other neurologic disorders and in normal aging. 4 Since the integration of MR imaging into the International Panel (McDonald) criteria in 2001, 5 there is increasing international effort to standardize MR imaging protocols. Clinical guidelines from the Consortium of Multiple Sclerosis Centers (CMSC) recommend the use of sagittal T2-weighted and sagittal T1-weighted MR imaging and either sagittal proton density (PD) or STIR as core spinal cord sequences. 6 However, a caveat of the CMSC guidelines is that the selection of spinal cord sequences was based on the experience of the consensus group, rather than large studies. 7 This was not surprising due to few studies comparing pulse sequences and the disparate study designs in the literature. [8] [9] [10] [11] Perhaps the discrepancy in study designs are related to the marked variability in adherence to guideline recommendations in routine clinical practice. 12 While previous studies have examined the diagnostic benefit of additional STIR imaging, 9, 13, 14 no previous study has assessed whether there is a diagnostic benefit to the addition of sagittal PD imaging to T2-weighted imaging of the cord. Thus, the purpose of our study was to compare cervical cord MS lesion detection and conspicuity on sagittal 1.5T PD fast spin-echo (FSE) and T2-FSE MR imaging.
MATERIALS AND METHODS

Subjects
Institutional review board approval was obtained. The requirement for informed patient consent was waived by the institutional review board. An academic teaching hospital institutional data base was retrospectively reviewed between September 2012 and October 2013. A total of 1444 patients underwent the institutional protocol for cervical cord MS lesion detection across 4 different MR imaging scanners. The study sample was formed by the first 100 consecutive patients who satisfied the following inclusion criteria: 1) cervical cord MR imaging on a single 1.5T MR scanner, 2) both sagittal PD-FSE and T2-FSE cervical cord MR imaging performed, and 3) definite MS according to the 2010 revised McDonald criteria. 15 Exclusion criteria were the following: 1) MR imaging with motion artifacts reducing diagnostic quality, and 2) sagittal PD-FSE and T2-FSE cervical cord MR imaging performed during separate MR imaging examinations. Thus only single MR imaging examinations were included for each patient.
MR Image Acquisition
All patients were examined on a 1.5T Magnetom Avanto (Siemens, Erlangen, Germany) MR imaging scanner equipped with an SQ-engine gradient system (45 mT/m with slew rate of 200 T/m/s) by using a 16-channel neck matrix coil. All patients underwent an institutional protocol for MS lesion detection consistent with the CMSC clinical guidelines: sagittal T2-FSE, sagittal T1-FSE, sagittal PD-FSE, and axial multiecho data image combination gradient recalled-echo (GRE) through the cervical cord from C1/2 to T1, with supplementary axial T2-FSE cervical cord imaging as required. No STIR imaging was performed. The Online Table summarizes the acquisition parameters of the index PD-FSE and reference T2-FSE sequences.
Qualitative Lesion Detection and Analysis
The cervical cord was divided into 7 segments (C1, C2, C3, C4, C5, C6, and C7). Two fellowship-trained neuroradiologists (R.V.C. and K.C.C. with 5 and 12 years' experience in neuroradiologic MR imaging interpretation, respectively) identified MS lesions in each segment. "MS lesions" were defined as hyperintense compared with normal-appearing cord and at least 3 mm in greatest dimension. 16 A "long lesion" was defined as contiguous involvement of Ͼ2
segments. MS lesions detected on both sagittal PD-FSE and T2-FSE were included; if an MS lesion was detected on only 1 sagittal sequence, then it was included only if the same MS lesion was also detected on 1 axial sequence. This requirement minimized the inclusion of potential artifacts. Reviewers were blinded to patient identification, clinical information, and the results of the alternate sagittal MR imaging. Blinding to image type (PD-FSE or T2-FSE) could not be performed because the imaging sequence could be easily distinguished. To maximize lesion detection, we allowed variation of window widths and levels. Recall bias was minimized by separation of each review session by 2 weeks and presentation of images in a randomized order. Performance bias due to viewer fatigue was minimized by dividing the image review into 6 separate sessions. Discrepancies between the reviewers were examined in additional review sessions and were resolved by consensus. The PD-FSE MR image was considered the index test, and the T2-FSE MR image was considered the reference standard, consistent with previous literature. 8, 17 The interobserver agreement was determined by using the statistic.
Quantitative Lesion Analysis
Lesion conspicuity was assessed quantitatively by using a normalized lesion-to-cord contrast ratio (LCCR) and a lesion-contrastto-noise ratio (LCNR). ROIs were obtained within MS lesions, normal-appearing cord, and background air by using the OsiriX Imaging Software, Version 4.0 (http:// www.osirix-viewer.com). The LCCR was calculated for each sequence by applying the mean signal intensities generated in the ROIs in the equation below, where S lesion is the signal intensity of the lesion and S cord is the signal intensity of normal-appearing cord 18 :
The LCNR was calculated for each sequence by assessing the difference between the S lesion and S cord against the level of background noise expressed as the SD of background air (SD air ) as measured in the equation below 18 :
The Wilcoxon signed rank test was used for statistical analysis. P Ͻ .05 was considered statistically significant. All statistical calculations were performed by using STATA software, Version 11 (StataCorp, College Station, Texas).
RESULTS
Demographic Data
The median age of included patients was 44.5 years (interquartile range, 37-52 years), with a female/male ratio of 3:1. No patient was excluded due to motion artifacts. The majority of patients (78/100, 78%) had MS lesions. The mean number of lesions per patient was 2.3 (range, 0 -6) for PD-FSE and 1.8 (range, 0 -5) for T2-FSE imaging. 
Qualitative Lesion Detection
PD-FSE imaging depicted a greater number of lesions compared with T2-FSE imaging (PD, n ϭ 181, versus T2, n ϭ 137; P Ͻ .001). This was evident at every vertebral segment, except at the C7 level (Fig 1) . There was almost perfect interobserver agreement for lesion detection on both PD-FSE ( ϭ 0.92; 95% CI, 0.82-1.0) and T2-FSE ( ϭ 0.92; 95% CI, 0.84 -0.99) imaging. Long lesions were detected in 21 patients (21/78, 27%) on PD-FSE imaging and 10 patients (10/78, 13%) on T2-FSE imaging. In 5 patients, long lesions on PD-FSE corresponded with Ն2 discontinuous, discrete lesions detected on sagittal T2-FSE imaging. In all cases, axial GRE or T2 imaging also depicted contiguous involvement. In 15 patients (15/78, 19%), Ն1 lesion was detected on PD-FSE imaging with no lesions detected on sagittal T2-FSE imaging (Figs 2-5 ). All sagittal PD-FSE lesions not seen on sagittal T2-FSE imaging were confirmed on axial imaging. All PD-detected lesions were confirmed on either sagittal T2-FSE or axial imaging. One PD-detected cord lesion at C1 could not be confirmed on axial imaging due to lack of axial coverage and was excluded. No patients with abnormal T2-FSE imaging findings had normal PD-FSE imaging findings.
Quantitative Lesion Analysis
Although PD-FSE and T2-FSE imaging had similar LCCR (PD-FSE, 0.32 Ϯ 0.01, versus T2-FSE, 0.33 Ϯ 0.01; P ϭ .43), PD-FSE had significantly greater LCNR (PD-FSE, 82 Ϯ 3.0, versus T2-FSE, 64 Ϯ 2.6; P Ͻ .001).
DISCUSSION
This study demonstrates that sagittal PD-FSE imaging is superior to sagittal T2-FSE MR imaging for the detection of cervical cord MS lesions at 1.5T. PD-FSE imaging detects 32% more lesions; improved performance is evident at almost all vertebral level segments without an increase in the false-positive rate. This may be related to the greater LCNR compared with T2-FSE imaging, providing superior diagnostic confidence. The higher lesiondetection rate of PD-FSE imaging is further emphasized by the finding that PD-FSE imaging detects long lesions that are depicted as multiple smaller lesions on sagittal T2-FSE imaging. 
FIG 3. A C5-C7 lesion (A, white arrows) is seen on sagittal PD-FSE imaging and correlates with axial GRE imaging (C, black arrow). C, No lesion is detected on sagittal T2-FSE imaging.
This result is very important since sagittal T2-FSE sequences are the most commonly used in clinical institutions for cord MS lesion detection.
In addition, almost 1 in 6 patients with definite MS had cervical cord lesions detected on PD-FSE imaging but not on T2-FSE imaging. This difference has important implications for clinical practice, as cervical cord involvement may be missed if only sagittal T2WI is performed. Most surprising, this scenario is not uncommon. A prospective case study of 14 Australian institutions by Curley et al 12 found that 75% of spinal cord examinations did not comply with the CMSC MR imaging guidelines and relied on T2WI only. Specifically, PD-weighted imaging was performed in only 2 of 79 (2.5%) cord examinations, and STIR imaging was performed in 18 of 79 (23%) cord examinations (A. Coulthard, MBBS FRANZR, personal written communication, November 10, 2014).
To our knowledge, no previous studies have directly compared the lesion detection rate of PD-FSE with T2-FSE for cervical cord MS lesions. Most studies are designed to assess either dualecho (PD and T2-weighted) conventional spin-echo (SE) and dual-echo FSE or T2-FSE MR imaging against other novel sequences such as STIR. 8, 13, 17, 19 Discordant study designs and variability in data presentation and analyses preclude a substantive and useful comparison of our findings with those in these alternate studies. However, T2-weighted imaging was consistently outperformed by alternate MR sequences in all of these studies. 8, 13, 17, 19 Moreover, there are good histopathologic data to support the use of PD-weighted imaging. 20 A postmortem study of 19 patients with MS assessed the correlation between histopathology and 4.7T and 1T PD-SE MR imaging. All areas of the spinal cord scored as abnormal by the neuropathologist were rated as abnormal on PD-SE MR imaging; all abnormal specimens were identified by both 4.7T and 1T PD-SE MR imaging. In addition, no abnormalities were detected in the 3 control patients on either histopathology or PD-SE MR imaging. 20 The significantly improved LCNR in our large cohort has not been previously reported. In a smaller prospective study of 20 patients with MS, a higher contrast-to-noise ratio with PD conventional SE compared with T2 conventional SE imaging was reported, but the result did not reach statistical significance. 10 Another study of 60 patients with MS measured the contrast-to-noise ratio by using 1T PD SE and T2-SE imaging. Although statistical comparison was not performed, reported contrast-to-noise ratio values were approximately twice as high for PD-SE imaging as for T2-SE imaging. 11 Conversely, an alternate smaller study found that T2 conventional SE had a greater contrast-to-noise ratio than PD conventional SE imaging at 1.5T in 20 patients with MS. 9 This difference may simply reflect our larger cohort and imaging results on modern 1.5T MR imaging scanners compared with this previous study, which recruited almost 20 years ago.
Our study confirms the diagnostic benefit of PD-FSE MR imaging in addition to T2-FSE cervical cord imaging, as recommended by the CMSC guidelines. PD-FSE is easy to implement; our PD sequence was performed in Ͻ3 minutes and was welltolerated by patients. The strengths of our study include the large cohort of patients with definite MS, minimization of recall and performance bias, and the use of both qualitative and quantitative analyses. The limitations of our study are the retrospective study design and use of 1.5T MR imaging, which was chosen to increase the generalizability of the study results to smaller institutions and clinical practices without 3T MR imaging availability. Although 3T MR imaging improves the PD lesion volume detection rate in the brain compared with 1.5T, 21 no such data are yet available for the spinal cord. In addition, STIR sequences were not performed and/or examined in this cohort. This is our institutional practice, which is in line with the CMSC guidelines, in which sagittal PD or STIR may be performed as the core spinal cord sequences.
CONCLUSIONS
Sagittal PD-FSE imaging is superior to T2-FSE MR imaging for the detection of cervical cord MS lesions. PD-FSE detects cord lesions in patients in whom sagittal T2-FSE imaging appears normal. This study forms the evidentiary base for the current CMSC guideline that PD imaging is a core spinal cord imaging sequence.
